Abstract: This paper presents the quasi-static thermo-mechanical loading effects on the progressive
INTRODUCTION
The aerospace industry became the most common application field for fiber-reinforced polymer matrix composites (PMCs) due to their lightweight properties [1] . These structural components are often assembled in conjunction with metal parts using mechanically fastened joints resulting in hybrid metal-composite joints which determinate some challenging problems for mechanical engineers. The poor designed hybrid joints are not only a source of failure, but could lead to a reduction in durability and reliability of the whole structure. So
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far, the researchers have studied the failure of composite bolted joints using a method that combines continuum damage mechanics (CDM) [2] with finite element analysis (FEA). In the CDM case, the local damage onset appears at a low value of applied load and damage accumulation is developed with increasing load according to damage propagation lows, which makes the method accurate and able to predict various failure modes. The major disadvantage of the CDM models is the huge amount of test data required for model calibrations. The progressive damage analysis (PDA) in composite materials, which is based on the stress-strain failure criterion, showed that the material orthotropic properties reduction due to damage initiation is essential for the stress field analysis [3] [4] [5] [6] [7] . A lot of PDA models in research field [8] [9] [10] [11] incorporated shear nonlinearity, Hashin type failure criterion and constant elastic properties degradation low for orthotropic materials, which makes the method quite easy to implement and computational efficient. Because these properties degradation models have used constant factors to reduce elastic properties due to increased damage, the models were not able to predict the bearing final failure.
Models containing continuous degradation rules started to appear in the literature [12] , [13] to improve the numeric algorithm converge and to obtain a smoother loadingdisplacement curve. A major lack of these models is that they have focused only on a few types of failure mode and do not refer to various joint failure modes. The composite progressive damage behavior is a complex nonlinear phenomenon and in conjunction with geometric and contact nonlinearities can lead to divergence of the finite element method (FEM) analysis, mostly in implicit numerical algorithms which implies that a much effort is spent to obtain a converged solution toward to ultimate global structure failure.
The composite materials can withstand with increasing temperature up to 300 0 C, having good properties in high pressure, low thermal expansion coefficient, high thermal conductivity, high thermal shock resistance and low depression [14] . The difficulties arising from the use of composite materials on structural failure problems are that these materials have anisotropic mechanical properties, brittle and low inter-laminar strength [15] .
This study describes and develops a progressive damage analysis using an adequate material model for composite plate that can predict the thermal effects on loading structural behavior and failure modes of hybrid metal-composite bolted joints. The analysis takes into account all the nonlinearities phenomena involved in load transition trough the joint as geometric nonlinearity which imply large deformations, friction based full nonlinear contact and material nonlinearities due to shear deformations of the lamina, Hashin-type failure criterion and strain-based continuous degradation rules implemented, using an user subroutine in commercial Nastran SOL 400 solver. A series of experiments were conducted in order to validate the FE model and PDA results involving the influence of temperature on the failure modes of the hybrid-metal composite joints. The experimental and numerical results fit quite accurate for the influence of temperature on the stiffness and failure load of hybrid metal-composite bolted joints.
PROBLEM DESCRIPTION

Joint geometry description
Single-lap joints (SLJ) with hexagonal head bolts were manufactured using both metal and composite materials for the adherents. The geometry of the joint model is presented in Fig.1 . The geometry design was chosen in accordance with ASTM standard [16] to induce bearing failure. The in-plane dimensions of the each plate are identical, as follows: 150 mm length and 50 mm width. The thicknesses are different, 4 mm for the metal plate and 2 mm for the laminated plate. Hexagonal head stainless steel bolts with nominal diameter of 5 mm with 0.5 N m torque level applied in dry conditions. The composite plate was made from carbon-epoxy pre-pregs with fiber volume fraction 32 %. The symmetric stacking sequence is represented by [0/90]3s using 0.33 mm thickness unidirectional lamina, with the elastic properties, presented in Table 1 . The metal plate was manufactured from aluminum alloy AA 7075T6 and the bolts, nuts and washers were made from stainless steel A2-70 with the elastic properties presented in Table 1 as well. A group of five specimens were prepared for the thermal effects study on the failure mechanisms in the laminated plate. The mechanical properties of all the materials used are presented in Table 1 , where the lamina principal directions (1, 2, 3) are the same with global coordinate axis shown in Fig. 1 . The unidirectional elastic properties presented in Table 1 were obtained using ASTM, [16] , [17] standards tests on the unidirectional laminated coupons. Regarding the thermal expansion coefficient of the composite plate, a micro-analysis method has been used to calculate this coefficient at lamina level using the thermal coefficients of the fibers and matrix. According to [18] and [19] we have αfiber= -0.41 (10 -6 / o C), αmatrix= 40 (10 -6 / o C). Using these values and equation (1) it can be obtained [20] : After joints installation set-up, the specimens were gripped in the 30 kN Instron 3367 universal test machine connected to a temperature controlled chamber. The used chamber is Instron SFL 3119-400 series, the temperature controlled ranges between (-70/+250 o C) and the frozen agent is CO2 liquid. The bearing tests were conducted in accordance with ASTM standard [16] and the specimens were loaded in displacement controlled at 0.3 mm/min until the ultimate failure at temperatures T= +50 o C and T= -50 o C.
Numerical model description
A tridimensional finite element model, using linear eight nodes brick elements, was developed in commercial software MSC Patran for the joint model, shown in Fig. 3 . Each separate part was modeled: the metal and composite plates, the washers and a combined boltnut part. The plates were meshed with high radial mesh density around the hole, where high strain gradients exists. In order to avoid rigid body motions, light springs were attached to the components not fully constrained, such as the bolt, washers and laminate plate. For simulating the bolt preload due to the torque level, a 330 N axial force was applied in the bolt shank using Bolt Preload Module in Patran. Regarding the clamping of the joint in the test machine, the boundary conditions imposed on the model are presented in Fig.3 . They represent the fixing of all the translations only on top and bottom surfaces of the metal plate leftmost end and the blocking only of the translations on Y and Z directions imposing a prescribed displacement on X direction at the composite plate rightmost end. The laminated plate is modelled with continuum solid-shell special elements available in MSC Nastran 2012. These special solid elements have bending properties like shells and one integrating point per element. The finite element model has six elements per laminate thickness plate, with one solid-shell element per each ply; thus, stress in each ply can be determined and the correct bending-twisting coupling is obtained. In the 3D model, the contact between the bolt and the surface of the hole is achieved by the direct method of the constraints explained in the following. The method requires the definition of contact bodies that can come into contact. The bodies in contact may be whole physical bodies (laminated plates, bolt, washer), but it has been shown [22] that it is more efficient to consider sets of elements of these physical bodies in contact, as shown in Fig. 4 , because the number of checks for contact between bodies at each iteration of the solution is reduced. A specific tolerance is used to determine if a node penetrates the nearest segment and then it is considered to be in contact with that segment; if so, it is moved to the segment and constrained to stay on it. If the node penetrates the tolerated contact area, the solution is resumed and a new node position is calculated by checking if it is in the contact tolerated area. If the tolerance is too small then the iteration time of the solution and the determination of the node position in the tolerated zone will be very long and considerable hardware resources will be required, but too big tolerance will lead to a premature and unrealistic determination of the contact between the two bodies.
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The default contact tolerance value in PATRAN is the twentieth part of the smallest side of the smallest element. In PATRAN, there is the possibility of defining contact as "singlesided" or "double-sided", the contact between the bodies is made in one sense or in both senses and the order in which the two bodies are defined in contact is important. In the present paper, only the "single-sided" contact is used, since the "double-sided" variant can lead to cracks at the contact interface and the joining component with the finer (stiffer) mesh has to be defined the first (slave) in the process of defining the contact; the component with a coarser mesh must be defined the second (master).
This order for defining the bodies in contact has a direct implication on the restrictions imposed on the FEM model of the joint. Another step in defining the nonlinear contact phenomena is the choice between the analytical contact and the discreet contact, which will be briefly described below. When a node on a solid reaches the contact segment on the other solid, the node is constraint on this segment along the normal to this segment. In the case of discrete contact for normal detection, the linear representation with the finite elements of the contact surface is used, which leads to the calculation of the normal of each element.
If the surface is not planar, when the node reaches the contact segment on the surface of the other solid in contact, being in the tolerated contact area, it is shifted and constrained on the contact segment, making possible the movement and constraint process; because the surface has a curve, the node blocks between 2 different normal elements due to the discontinuity of the normal elements.
This impediment has an adverse effect on the quality of the results as observed by McCarthy et al. [22] in their work on single bolt joint, single shear of composite materials.
In the case of analytical contact, a smooth Coons surface is constructed through the nodes of the solid contact segment, and then this analytical surface is used to calculate the continuous normal at the contact surface between the two solids, thus solving the problem of blocking the node between two surfaces normal due to the discontinuity of the contact surfaces. This method leads to a better representation of the joint geometry, especially its deformation; the accuracy of the numerical results is far superior to the technique of discrete contact [22] .
TEMPERATURE EFFECTS ON JOINT STIFFNESS
Model validation
In this section, the test results are compared to the results of the three-dimensional finite element model described in the previous chapter. Strains at selected points on the surface of the laminated plate are used to check the accuracy of the finite element model. The joints were strain gauged and loaded in tensile to a level that prevents any damage of the composite plate (1.2 kN) at T = 50 o C. Fig. 5 presents the locations of the strain gauges with 3 mm length; all gauges are aligned to the loading direction and located on the bottom surface of the laminate plate, except the gauge number 2 which is located in the shear plane on the top surface. The numerical and experimental results for strains are shown in Table 2 and Fig. 6 . Table 2 clearly shows that strain gauges 1 and 2 indicate a joint bending despite the fact that the loading is a tensile load. The readings for gauges 3 and 4 are quite different indicating a twisting effect of the joint along the longitudinal axis which is the loading axis. From Table  2 , it can be concluded that the model predicted satisfactory the linear behavior of the joint and can be used in the following temperature parametric study for the linear response of the hybrid metal-composite joint. 
Joint stiffness
The effects of the temperature on the joint axial stiffness are presented in this subchapter.
The tests setup is shown in Table 3 for single-bolt, single-lap, metal-composite joints. From the experimental results it was observed that the load-displacement curves are approximately linear between applied forces 0.2 -1 kN in the experiment and 0.1-1.5 kN in the simulation for temperature T = +50 0 C, but 0.1-3.3 kN in the experiment and 0.2-3.5 kN in the simulation for temperature T = -50 0 C; therefore, the stiffness of the joint is determined for these load ranges. The joint load was obtained directly from the testing machine; the displacement was measured with optical extensometers. The load-displacement curves for the two temperature values are presented in Fig. 7 . Fig. 7 are explained by the friction between the plates. For a low level of the applied load, the forces are transmitted through the friction and the plates do not move relatively, so the shank of the bolt do not bear the hole surface due to the initial clearance fit in the joint. The joint under investigation has a close tolerance clearance of 48 µm according to f7H10 standard fit tolerances. As long as F > µP, where F is the applied joint load, µ=0.235 is the frictional coefficient between aluminum AA 7075 and CFRP plates as Schon [23] measured experimentally; P = 330 N is the plates clamping force due to preload, the friction is overcomes and the bolt shank bears the hole surface. From now on, the joint is elastically deformed, the axial stiffness is fully developed and can be determined. The experimental and numerical axial stiffness, calculated as the slope of the approximately linear portions of the load-displacement curves, is presented in Table 4 . From Table 4 and Fig.7 , it can be observed that the temperature reduces the stiffness of the hybrid metal-composite joint both in the experiment and simulation results, due to the fact that the matrix is plasticized under high temperature and due to low volume ratio of carbon within the composite material (32 %). 
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TEMPERATURE EFFECTS ON JOINT FAILURE
Lamina nonlinear shear deformation
In order to better understand the nonlinear structural behavior and failure mechanisms in the composite laminated plate of the joint, the load-displacement curves for the two temperature values are presented in Fig. 7 .
The simulation must take into account the two most important nonlinear mechanisms: lamina nonlinear shear deformations and stiffness reduction due to damage accumulation at lamina level. These two nonlinearities are taken into account using an external user-defined subroutine named USER_MAT, edited in FORTAN language. USER_MAT calls the modified predefined Nastran material user-defined subroutines UMAT and UPROGFAIL, in order to implement the material nonlinearities specified above. Hahn and Tsai developed [24] the in plane nonlinear shear lamina constitutive model using high order elasticity theory:
where β is a material parameter that can be determined by experiments only. Fig. 8 presents the experimental curve of the shear deformation γ12 as a function of the shear stress τ12 obtained using off-axis tension tests on unidirectional laminates. From the Fig. 8 , by polynomial interpolation, the coefficient β = 0.635 was obtained for this type of lamina used in the study. This constitutive relation can be implemented in USER_MAT user subroutine as it is described in [25] : 
The orthotropic stress-strain constitutive relationship is given by equations (5) and (6), according to [20] : 
0 is the initial in-plane shear modulus which is reduced according to degradation rules specified in relation (13), when fiber compression-shear failure happened, FI1 and FI2 are defined in relations (10), (11) . The shear stress τ12 init is a threshold used to avoid any over-estimation of the shear stress after any failure that can reduce the shear modulus G12.
Failure criteria and continuous degradation rules
The most dominant micro-failure modes for bearing joints are matrix compression and fiber shear-compression failures; therefore, they are given a great deal of attention in this joint failure study. For the PDA of the laminated plate around the hole, Hashin [26] failure criteria is used and the failure indexes are calculated using formula (10) for matrix compression and formula (11) for matrix-fiber shear failure: 
Continuous degradation rules for elastic modulus
A strain based degradation rule is proposed for reduction of Eii (i=1.. 3) as described in [27, 28] . The fiber or matrix failure initiate at a user-defined failure strain εii init and PDA stiffness reductions are performed using relation (12) :
where Eii 0 is the initial modulus of elasticity from Table 1 for lamina principal directions, Δεii is a strain step, user-defined to ensure a smooth reduction of the properties upon failure and di is the reduction factor. Initial failure strain and corresponding stress εii init , σii init are determined by simulation for FI=1 according to relation (9).
Continuous degradation rules for shear modulus
The in-plane shear modulus G12 is continuous reduced using the highest in-plane shear strain γij t+Δt for FI > 1, according to:
The reduction parameters for Eii (i=1..3) are presented in Table 5 obtained after several parameter tuning iterations. i=2,3) 0.57 0.01
Poisson's coefficient reduction
In [22] a continuous reduction of the Poisson's ratio is proposed in order to comply with the elastic stability of the orthotropic materials:
Results
The comparison between the experimental and numerical results in terms of the thermal effects on damage initiation and progressive failure mechanism are presented in the following. Load-displacement curves for each temperature value are presented in Figs. 9 and 10. From the Figs. 9 and 10 it can be seen that the temperature has significantly increased the limit (deviation from linearity) and ultimate (maximum) loads (Flimit, Fult). In point A on the characteristic load-curves, the fiber and matrix compression damage onset around the hole is evident according to Fig. 11 . At the beginning of the test, the structural response of the joint is dominated by the friction between the plate up to 0.5 mm for T = +50 o C and 0.1 mm for T = -50 o C. From the end of the friction stage up to point A, the structural behavior of the hybrid joint is almost linear with small fluctuations which represent small matrix compression damages, but this do not affect the overall joint stiffness. Moving from point A to point B on the load-displacement curves, the damage accumulation is increasing and dominated by matrix tension/compression, fiber-matrix shear as can be seen in Fig. 11 for temperature T= -50 o C and Fig. 13 for T= +50 o C, while the joint is loosening its stiffness gradually. Point B defines the ultimate failure load of the joint. The shear-out failure starts to develop from point B due to through thickness shear cracks propagation as illustrated in Fig.  11 up to final structural failure of the joint depicted in Fig. 12 and 14 . A summary of the thermal effects on the progressive failure of the countersunk metalcomposite hybrid joint is presented in Table 6 . 
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SHM method description
A common and useful method for structure health monitoring (SHM) uses the guided waves. The major advantage of these waves is the low energy losing while passing through the structure, which denotes an excellent energy transfer through the entire structure. The pioneer of this method is Horace Lamb who published his results for the first time in 1917 [29] . There are two types of propagation modes for these waves: symmetric (S0, S1…Sn) and anti-symmetric mode (A0, A1…An). In many of the applications, the most used modes for SHM testing are the fundamental mode S0, which is dominating at 150-300 Hz and A0 at 30-100 Hz frequencies. The reason for choosing these two fundamental modes is that they are easier to identify from the oscillation group of modes than the other superior ones. The SHM testing technique was used to experimentally observe the first ply failure in the laminate plate. The PWAS devices used in this experiment are produced by STEMiNC company, having the part number SMPL7W7T02412. They have a circular shape with 5 mm diameter and are presented in Fig. 15 . The company code of the PWAS piezo-electric material is SM412 and the electro-mechanical properties are presented in Table 7 , [30] . This type of input signal provides a gradual excitation with progressive amplitudes of the joint structure. The received signal is registered by connecting an oscilloscope probe on receiving PWAS. For also viewing the input signal, an oscilloscope probe is connected to the emitting PWAS. This signal is used as reference signal for data processing. All these probes are connected to an Agilent DSO-X 3034A digital storage oscilloscope, which performs the data acquisition. The entire process of data acquisition including the controll of the arbitrary wave form generator and the digital storage oscilloscope is performed by a Labview code running on a PC. This PC is connected to the other devices using USB and RS232C ports. Fig. 16 presents the damage initiation effect on the amplitude of the received signal and force-displacement characteristic curve, in order to be able to identify the first ply failure of the laminated plate of the joint. The amplitude curves represent the maximum (peak to peak) amplitudes of each receiving signals during the test. From the Fig. 16 it can be clearly seen that the amplitude of output signal is increasing with the joint stiffening up to the first lamina failure event. Afterwards the amplitude is decreasing due to the elastic properties degradation in the laminate plate on the post failure stage. 
CONCLUSIONS
In this paper, the thermal effects on the stiffness, damage initiation and progressive failure for single-lap, single-bolt, hybrid metal-composite joints are investigated using both experimental technique and simulations with finite element method (FEM). Regarding the first ply failure (FPF) and strength evaluations, a progressive damage analysis (PDA) including nonlinear shear behavior of the ply, Hashin's failure criteria and strain-based continuous degradation rules was proposed. A 3D FEM model, which incorporates geometrical and contact full nonlinearities was developed in Patran as preprocessor and Nastran as explicit iterative solver. The PDA material model was implemented using a userdefined subroutine namely user_mat, using FOTRAN programming language. The simulation results were in good agreement with the experiments in terms of load-
Post failure
First lamina failure displacement behavior, surface strains, joint stiffness, FPF and ultimate loads, which denoted that the 3D FEM model including full nonlinearities and explicit solver are quite accurate and can predict the metal-composite joint's mechanical behavior on both linear-elastic and nonlinear elastic ranges, including the failure modes as bearing, shear-out and net-section. Regarding the thermal effects on the joint stiffness it can be seen from Table 4 that temperature decreases stiffness of the joint in the axial direction. The loading joint behavior released some interesting features at the beginning stage due to friction between the plates. This friction stage is composed of two parts: static and dynamic friction as can been seen from the load-displacement curves in Figs. 9 and 10. From these graphs it can be detected the friction load and, knowing the clamping force from torque level, therefore the friction coefficient between the plates can be calculated for the two temperatures study. Regarding the influence of temperature on the ultimate load of the joint, it has been observed that the load is decreasing while temperature is increasing, so as a global conclusion of the study, the temperature has reduced both the stiffness and strength of the joint. Therefore, it can be concluded that the SHM method accurately predict the first lamina failure and joint limit load which represents the fiber compression damage at the lamina level, because this local damage corresponds to a significant decreasing of the joint stiffness.
